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If the heaviest neutrino mass eigenstate is unstable, its decay modes could include lighter neutrino
eigenstates. In this case part of the decay products could be visible, as they would interact at
neutrino detectors via mixing. At neutrino oscillation experiments, a characteristic signature of
such visible neutrino decay would be an apparent excess of events at low energies. We focus on
a simple phenomenological model in which the heaviest neutrino decays as ν3 → ν1,2 + φ, where
φ is a new light scalar. If neutrinos are Majorana particles the helicity-flipping decays would be
observable (i.e., ν → ν¯ + φ), leading to interesting observable consequences on the event rates. We
compute the sensitivities of the Deep Underground Neutrino Experiment (DUNE) to the couplings
of the new scalar as a function of the lightest neutrino mass. Under the assumption that only the
heaviest neutrino is unstable, and for a normal mass ordering, we find that DUNE will be sensitive
to values of τ3/m3 > 1.95− 2.6× 10−10 s/eV (90% C.L.) (depending on the lightest neutrino mass),
where τ3 and m3 are the lifetime and mass of ν3, respectively.
PACS numbers: 14.60.Lm, 14.60.St, 14.60.Pq
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I. INTRODUCTION
Experimental neutrino physics has made great progress in the past two decades: we know have overwhelming
evidence of neutrino oscillations and we know all mixing angles and mass splittings with precision, while at the same
time the first hints for CP-violation in the neutrino sector are slowly emerging. Nevertheless, we still do not know
what is the mechanism responsible of the generation of neutrino masses. A well-studied possibility is that they arise
from Yukawa couplings with right-handed Majorana neutrinos and the Standard Model (SM) Higgs field. The right-
handed Majorana masses could come from a new coupling to a scalar singlet (also known as the Majoron) which takes
a vacuum expectation value [1, 2]. In addition to generating neutrino masses, Majoron interactions can potentially
lead to a number of interesting consequences, see e.g., Refs. [1–6]. One of them is the possibility of neutrino decay,
which is the focus of the present work: off-diagonal couplings in the form gij ν¯iνjφ could lead to the neutrino decay
νi → νj + φ, where i, j label the mass eigenstates. From the phenomenological point of view, we can distinguish
between two different types of neutrino decay:
Invisible decay: if the neutrino in the final state is not observable in the detector. This would be the case, for
instance, if the neutrino in the final state is a light sterile neutrino (lighter than the active ones, in order to
allow the decay kinematically). Another possibility is that the decay product involves an active neutrino which
is however unobservable due to its low energy. Invisible neutrino decay would just lead to a depletion of the
event rates at the detector with respect to the SM expectation.
Visible decay: if the neutrinos in the final state are active and detected. In this case, the decay products would
affect the observable event rates at the detector, leading to a very different phenomenology with respect to the
invisible decay scenario. Since the decay products will have lower energies than the parent particle, a typical
signature of visible neutrino decay would be a pile-up of events at low energies.
Solar neutrinos have been used to place a bound on the lifetime of ν2 [7–15]. In most cases, these were derived under
the assumption that the neutrino decays invisibly. Additional bounds [16] have been obtained from the observation of
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2supernova 1987A [17, 18]. These mostly apply to the lifetimes of ν1 and ν2, as they are obtained from ν¯e observations.
Conversely, the lifetime of ν3 is much more difficult to constrain. So far, bounds on the lifetime of ν3 have been
derived from a fit to atmospheric and long-baseline oscillation data [19]:
τ3/m3 > 2.9× 10−10 s/eV at 90 % C.L.,
where τ3 is the lifetime of ν3 in the center-of-mass frame, and m3 is its mass. Additionally, in the decay scenario the
neutrino propagation is not unitary, even in invisible mode, and then not only the charged current interactions are
modified but also the neutral current interactions. Recent analysis of the long-baseline experiments MINOS (using
the full charged- and neutral-current data sample) and T2K (charged-current data) imply [20]
τ3/m3 > 2.8× 10−12 s/eV at 90 % C.L..
In principle, the high-energy astrophysical neutrino sample from the Icecube experiment [21] could be used to set
a bound on the lifetime of ν3 using the observed neutrino flavor ratios on Earth [22–27]. However, these are subject
to large uncertainties coming e.g., from the unknown initial flavor composition at the source, see e.g. Ref. [28] for
a recent discussion. Finally, it was recently noted that the lifetime of ν3 can be constrained using future medium-
baseline reactor experiments such as JUNO [29] or RENO-50 [30]. In particular, the authors of Ref. [31] found that
the JUNO setup would be able to set the constraint τ3/m3 > 7.5× 10−11 s/eV at 95% C.L. .
In all cases mentioned above, the decay products were assumed to be invisible. Alternatively, the decay products
could be visible due to their interactions with the SM fermions via mixing. For example, if the decay ν3 → ν2 + φ is
allowed, a ν2 mass eigenstate (ν2 = U∗e2νe + U∗µ2νµ + U∗τ2ντ ) would have a non-vanishing cross section to produce an
electron at neutrino detectors thanks to the Ue2 element in the mixing matrix [32]. This may render the decay products
observable at neutrino experiments and would lead to different signatures than those expected in the invisible decay
scenario. For example, in Ref. [33], the authors considered the possibility that a heavy sterile neutrino (produced
in pion decays via small mixing with muon neutrinos) could rapidly decay to an active neutrino plus a Majoron.
They found that the excess of events observed at LSND experiment may be explained by the interactions of the
active decay products at the detector. Moreover, if neutrinos are Dirac particles Majoron models would allow for
decays with a change in helicity, such as νi → ν¯j + φ. These signatures would be easy to distinguish at magnetized
detectors, but they would be more challenging to distinguish at liquid Argon detectors such as the DUNE [34] or
the MicroBooNE detectors [35]. Another relevant imprint of neutrino decay would be a shift in the energy profile
of the beam, leading to an apparent excess of events at low energies. The observable effect would be larger at on-
axis neutrino beam experiments, since the observable event rates at low energies will receive contributions from the
parent neutrinos initially produced at higher energies. Consequently, the DUNE detector, with its very low expected
detection threshold and wide-band neutrino beam, would be very well-suited to search for this kind of signature.
Also, for experiments that cross the earth matter, significant changes in the oscillation behaviour are expected due
to the Mikheev-Smirnov-Wolfenstein (MSW) effect [36, 37]. The decay scenario in presence of a matter potential has
been discussed in the literature in the context of solar and supernovae neutrinos [7, 38–41], but not for long-baseline
experiments.
The paper is structured as follows. In Sec. II we describe the general framework used and the expected experimental
signatures. Section III summarizes the simulation details and the effects of the decay on the expected event rates.
In Sec. IV we derive the expected sensitivity of DUNE to visible neutrino decay and compare to other limits, and
we conclude in Sec. V. Finally, some technical details regarding the computation of the oscillation probabilities in
presence of visible neutrino decay are summarized in the Appendix.
II. NEUTRINO DECAY PHENOMENOLOGY
For concreteness, we will assume that the neutrino interaction with a Majoron φ is responsible of neutrino decay. In
order to be as general as possible, we will allow both scalar and pseudo-scalar couplings. The Lagrangian responsible
for the new interactions reads
Lint =
∑
i=1,2
g3i
2
ν¯iν3φ+
g′3i
2
ν¯iiγ5ν3φ+ h.c. , (1)
where g3i(g′3i) are the scalar (pseudo-scalar) couplings, which in principle can be complex. The couplings introduced
in Eq. (1) would lead to neutrino decay in the form ν′ → ν+φ. It is worth stressing out that in the case of Majorana
neutrinos, neutrino decays with same helicity (ν → ν + φ, or ν¯ → ν¯ + φ) or with opposite helicity (ν → ν¯ + φ or
ν¯ → ν+φ) can be observed. Conversely, if neutrinos are Dirac, the neutrinos produced with opposite helicity will not
3interact in the detector and, thus, this decay mode would be unobservable. The decay modes with opposite helicity
can have important phenomenological consequences, as we will discuss later on. For concreteness, throughout this
work we will assume that the only neutrino that is unstable is ν3, a normal mass ordering scheme (m3 > m2 > m1),
and a massless Majoron.
A. Decay widths
From the Lagrangian in Eq. (1), the neutrino decay widths in the laboratory system for the different decay modes
can be computed as [42]:
ΓS(ν3 →
∑
i=1,2
νi) =
m23
16piE
∑
i=1,2
g23i
(
f(xi)
xi
)
Θ(xi − 1) ,
ΓPS(ν3 →
∑
i=1,2
νi)) =
m23
16piE
∑
i=1,2
(g′3i)
2
(
h(xi)
xi
)
Θ(xi − 1) , (2)
ΓS+PS(ν3 →
∑
i=1,2
ν¯i)) =
m23
16piE
∑
i=1,2
[
g23i + (g
′
3i)
2
](k(xi)
xi
)
Θ(xi − 1) .
Here, ΓS and ΓPS stand for the decay widths obtained from the scalar and pseudo-scalar interactions in the Lagrangian
in Eq. (1). We have defined xi ≡ m3/mi as the ratio between the initial and final neutrino masses (with i = 1, 2),
while E is the energy of the initial neutrino (ν3). The Θ function enforces the kinematical limit where the decay is
allowed, m3 > mi. The first two decay widths listed in Eq. (2) correspond to the helicity-conserving decay, while the
last one corresponds to the helicity-flipping mode. The functions f(x), h(x) and k(x) are defined as [42]:
f(x) =
x
2
+ 2 +
2 ln(x)
x
− 2
x2
− 1
(2x3)
,
h(x) =
x
2
− 2 + 2 ln(x)
x
+
2
x2
− 1
(2x3)
, (3)
k(x) =
x
2
− 2 ln(x)
x
− 1
(2x3)
.
Figure 1 shows the values of f(xi), h(xi) and k(xi) as a function of xi. Two interesting limits are easily identified
from the results shown in Fig. 1: (i) for m3 → mi (i.e., xi → 1) the scalar decay with same helicity dominates, since
f(xi)  h(xi), k(xi) (see Eq. (2)); and (ii) for m3  mi (i.e., xi → ∞) all branching ratios in Eq. (2) take similar
values, as f(xi) ∼ h(xi) ∼ k(xi).
The values of xi for the light neutrino masses are partially constrained since the two mass-squared splittings are
precisely determined from neutrino oscillation data. Under the assumption of a normal ordering (m3 > m2 > m1),
the masses of the two heaviest neutrinos can be expressed as a function of the lightest neutrino mass as:
m23 = m
2
1 + ∆m
2
31 , (4)
m22 = m
2
1 + ∆m
2
21 . (5)
where ∆m2ij ≡ m2i −m2j . From global fits to oscillation data [44, 45] we have ∆m221 ∼ 7.5 × 10−5 eV2 and ∆m231 ∼
2.5× 10−3 eV2. Thus, for the decay ν3 → ν2 + φ the ratio x2 ≡ m3/m2 can only take values in the range 1 . x2 . 6,
which is indicated by the shaded area in Fig. 1. The upper limit for x2 is obtained using the best-fit values for the
squared-mass differences and setting m1 = 0. The lower limit corresponds to the case of quasi-degenerate neutrinos
(m1 ' m2 ' m3). It is limited not to be exactly 1 by the contraints from cosmology, which impose an upper bound
on the sum of neutrino masses
∑
imi < 0.23 eV [43]. Conversely, the branching ratios for the decay ν3 → ν1 + φ
depend on x1 ≡ m3/m1 which can take values in the range 1 . x1 <∞.
Following the arguments outlined above, it is easy to see that the phenomenology is essentially fixed by the scale
of the lightest neutrino mass as this determines the values of xi and, consequently, the decay widths in Eq. (2). We
can distinguish two well-defined limiting cases:
Hierarchical scenario (m1 → 0): In this limit x1 → ∞ and the three kinematic functions for the decay 3 → 1
are approximately equal, see Fig. 1. Thus, the branching ratios for the helicity-flipping (ν3 → ν¯1 + φ) and
helicity-conserving (ν3 → ν1 + φ) decays will all be comparable as long as the scalar (g) and pseudo-scalar (g′)
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FIG. 1: Dependence of the functions f , h and k defined in Eq. (3) with the value of xi ≡ m3/mi, for the decay ν3 → νi. The
branching ratios for the helicity-conserving decays directly depend on the functions f and h, while the value of k determines
the branching ratio for the helicity-flipping decay, see Eq. (2). The shaded area indicates the region allowed for x2, after taking
into account the values of the mass splittings determined from oscillations as well as the upper limit from PLANCK + BOSS
BAO on the sum of the active neutrino masses,
∑
imi < 0.23 eV [43]. For ν1 there is no upper limit on the value of x1; the
lower limit is very similar to the one for x2 and is therefore not shown.
couplings are equal. However in this scenario the value of x2 is bounded from above as x2 → 6. Thus, the
decays 3→ 2 will be dominated by the helicity-conserving width, see Fig. 1, with a larger contribution from the
decay produced via the scalar coupling (solid blue line), the pseudo-scalar branching ratio being much smaller
(dashed red line).
Quasi-degenerate scenario (m1 → m2,m3): In this limit both x1,2 → 1. As can be seen from the comparison
between the different lines in Fig. 1, the decay will be mainly dominated by the helicity-conserving decay which
takes place via the scalar coupling (solid blue curve), while the other two branching ratios will be largely
suppressed.
From this simplified description it is easy to see that, in general, we expect that the sensitivity to the decay will
mainly come from the helicity conserving decay with scalar coupling, except in the limit of vanishing m1 when the
helicity-flipping decays will turn on and contribute to the sensitivity. This will be confirmed by the results of our
numerical simulations in Sec. IV. In between these two regimes, the phenomenology will generally be more complex,
as the functions f , h and k depend on x1 and x2, which in turn depend on m1, ∆m221 and ∆m231. Finally, it should
be noted that in case the scalar and pseudo-scalar couplings are very different, the situation can be more complex
and the phenomenology might differ from the cases outlined above.
For illustration, the behaviour of the decay width with the mass of the lightest neutrino is shown in Fig. 2, for the
different decay modes of the neutrino, Γrs3j ≡ Γ(νr3 → νsj ), where rs = ++ and rs = +− indicate if the helicity is
conserved or flipped in the decay(in our notation, r = +/− indicates neutrino/antineutrino). In fact, we show the
product Γ3×m3 since this relates to the decay width in the lab frame, which is what neutrino oscillation experiments
can actually probe. This figure will help to explain the dependence of the sensitivity to neutrino decay with the mass
of m1, as we will discuss in Sec. IV.
B. Invisible decay
Let us first consider the case where the decay products are unobservable at the detector, either because their
energy is too low or because they are sterile. This leads to the so-called invisible neutrino decay, as outlined in the
introduction. The effect of invisible decay on the neutrino oscillation probabilities has been discussed previously in the
literature, see for instance Refs. [11–16, 19, 20, 22–24, 27, 28, 31–33, 46–50]. Its main impact consists on a depletion
of the number of events with respect to the expectation in the standard scenario. The effect in this case will only
depend on the total decay width, computed as the sum of the different contributions listed in Eq. (2).
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FIG. 2: Dependence of the product of the decay width times the mass of ν3 with the mass of the lightest neutrino, for the
different decay modes, computed in the center-of-mass frame. The assumed values of the couplings are |g3i| = |g′3i| = 0.1, for
i = 1, 2. In the labels, Γrs3j ≡ Γ(νr3 → νsj ), where rs = ++ and rs = +− indicate if the helicity is conserved or flipped in the
decay. Neutrino oscillation constraints on the mass-squared splittings have been accounted for, see Eq. (5).
1. Vacuum case
The Hamiltonian in vacuum takes the form:
H = Ur
 0 0 00 ∆m2212E 0
0 0
∆m231
2E − iΓ3/2
 (Ur)† (6)
where we have used the relativistic approximation Ei ' p + m
2
i
2E
and we have subtracted an overall constant to the
system. Here, Ur stands for the leptonic mixing matrix in its usual form, r indicates the helicity, and Γ3 ≡ 1/τ lab3 =
m3/(τ3E) is the total decay width of ν3 in the laboratory frame, where τ3 is the neutrino lifetime in its rest frame.
The index r is used to distinguish neutrinos from antineutrinos (r = +/− for neutrinos/antineutrinos), which will be
important later on for the discussion of matter effects.
The oscillation probabilities affected by the invisible decay of ν3 can be easily computed as in the standard case,
replacing ∆m
2
31L
2E → ∆m
2
31L
2E − iΓ3L2 . For the appearance channels (α 6= β), the probabilities in vacuum read as [31, 32]:
P invνrα→νrβ (E) =
∣∣∣∣Urα1(Urβ1)∗ + Urα2(Urβ2)∗e−i∆m221L/(2E) + Urα3(Urβ3)∗e−i∆m231L/(2E)e−Γ3L/2∣∣∣∣2 =
= P (νrα → νrβ ; no decay)− |Urα3|2|Urβ3|2(1− e−Γ3L)− 2
∑
i=1,2
Re[Crαβi] cos
(
∆m23iL
2E
)(
1− e−Γ3L/2
)
+
+2
∑
i=1,2
Im[Crαβi] sin
(
∆m23iL
2E
)(
1− e−Γ3L/2
)
, (7)
where Crαβi ≡ Urαi(Urβi)∗(Urα3)∗Urβ3. From Eq. (7) it can be seen that the invisible decay generally leads to a depletion
in the number of events. In the case where the solar mass-squared difference is neglected it can be shown that for
the νµ → νe appearance channel the effect is proportional to |Uµ3|2|Ue3|2 ∼ s223c213s213 ∼ O(10−2), see Ref. [31]. This
coefficient is of the same size as the leading order term in the oscillation probability for this channel. As can be seen
from Eq. (7), the effect of invisible decay is reduced to the impact of one effective parameter on the probabilities,
τ3/m3.
62. Matter effects
For long-baseline experiments like DUNE [34] it is essential to include matter effects in the formalism, as they
significantly affect the neutrino oscillation probabilities. In the case of invisible decay, this means that the Hamiltonian
of the system will now read as:
H = U
 0 0 00 ∆m2212E 0
0 0
∆m231
2E − iΓ32
U† +A
 1 0 00 0 0
0 0 0
 , (8)
where the second term includes the matter potential A felt by the neutrinos as they propagate in a medium of constant
density. Here, A ≡ ±√2GFNe, where GF is the Fermi constant and Ne is the number density of electrons in the
medium. The +/− sign corresponds to neutrinos/antineutrinos.
In the limit of a stable neutrino, the Hamiltonian in Eq. (8) can be diagonalized with a unitary matrix in matter, U˜r,
which will generally differ from the one that diagonalizes the system in vacuum. The eigenvalues of the Hamiltonian
are also affected by the matter potential, and are denoted as ∆m˜2ij . In what follows, our notation will explicitly reflect
the presence of a matter potential: for a given quantity/observable X in vaccum, we will denote its corresponding
value in a system in presence of a matter potential by X˜.
In the case of an unstable neutrino, the Hamiltonian in Eq. (8) is no longer Hermitian and it cannot be diagonalized
by a unitary transformation. This implies that (U˜r)−1 6= (U˜r)† in the general case. The oscillation probabilities
are obtained after diagonalization of the Hamiltonian in Eq. (8). Taking this into consideration, the oscillation
probabilities in presence of invisible decay are written in the matter regime as:
P˜ invνrα→νrβ (E) =
∣∣∣∣U˜rβ1(U˜r)−11α + U˜rβ2(U˜r)−12α e−i∆m˜221L/(2E) + U˜rβ3(U˜r)−13α e−i∆m˜231L/(2E)e−Γ˜3L/2∣∣∣∣2, (9)
where it should be kept in mind that the width Γ3 also depends on the neutrino energy E. An important difference
with respect to the case of neutrino decay in vacuum is that the neutrino width in this case is also modified by the
presence of the matter potential. This is the case because the width depends on the mass of the third eigenstate,
which in presence of matter effects is modified as
m3 =
√
m21 + ∆m
2
31 −→ m˜3 =
√
m21 + ∆m˜
2
31 ,
affecting the total width as
Γ3 −→ Γ˜3 ≡ m˜3/(τ3E) .
Moreover we note that, in matter, the total width will generally be different for neutrinos and antineutrinos as they
are affected differently by the potential.
C. Visible decay
If the decay products are active, the resulting neutrino could in principle interact at the detector, giving a visible
signal. The final observability of such effect will eventually depend on the energy of the final decay products as well
as on the detection threshold at low energies and other experimental factors. The effect of visible neutrino decay on
the observable event rates has been studied previously in the literature, see e.g., Refs. [7, 32, 33]. In the remainder of
this section, we will follow the formalism outlined in Refs. [32] and [33], paying special attention to the impact of the
matter potential on the resulting probability. We will also explicitly consider the impact of the decay on the energy
distribution of the final neutrino observed at the detector.
1. Vacuum case
The differential probability that a neutrino produced in a flavor state να with initial energy Eα is detected as a
neutrino with flavor β and final energy Eβ due to the combined effect of oscillations plus the decay ν3 → ν1,2 + φ can
be expressed as [33]:
dPνrα→νsβ
dEβ
= P invνrα→νsβ (Eα) δ(Eα − Eβ)δrs + ∆P
vis
νrα→νsβ (Eα, Eβ) . (10)
7Here the first term corresponds to the standard probability modified by the decay as in Eq. (7) and only takes place
when the initial and final helicities coincide. Conversely, the second term includes the visible contribution: it is only
present if the decay products have interactions with the SM fermions. The helicities of the initial (r) and final (s)
neutrinos can in principle be different in this case.
Let us consider a decay taking place at a distance L′ < L from the neutrino source.1 Neglecting matter effects,
the visible contribution from this process to the probability can be easily computed starting from the following
amplitude [32]:
Aνrα→νsβ (Eα, Eβ) =
∑
j=1,2
(Urα3)
∗Usβje
−iEβ(L−L′)e−iEαL
′
e−Γ
rs
3jL
′/2
√
Γrs3j
√
W rs3j . (11)
Here, W rs3j ≡ 1Γrs3j
dΓrs3j (Eα,Eβ)
dEβ
is the normalized energy distribution for the decay νr3 → νsj + φ (see App. A for details)
and α (β) denotes the flavor of the initial (final) neutrino, which has energy Eα (Eβ). Finally, Γrs3j is the partial width
for the decay νr3 → νsj + φ in Eq. (2) and therefore only depends on the initial neutrino energy Eα.
A comment regarding the notation used in Eq. (11) is needed at this point. Even though we use flavor indices
to refer to the energies in the initial and final states, these are quantities which are only well-defined in the mass
basis. Strictly speaking, E3 should be used instead of Eα, and E1 or E2 should be used instead of Eβ , depending on
the mass eigenstate produced in the decay. Our notation in terms of flavor indices is chosen to stress the fact that
the detection process takes place in the flavor basis and, thus, both ν1 and ν2 can contribute to the final observable
quantity (the number of charged-current events where a charged lepton with flavor β is observed).
The total contribution to the differential probability in Eq. (10) coming from the visible decay is obtained after
integration over all possible values of L′ between the source and the detector, as:
∆P visνrα→νsβ (Eα, Eβ) =
∫ L
0
| Aνrα→νsβ (Eα, Eβ) |2 dL′ =
=
∑
j=1,2
∣∣(Urα3)∗Usβj∣∣2W rs3j (1− e−Γrs3jL)+
+ 4
∣∣Urα3∣∣2∣∣Usβ1(Usβ2)∗√(Γrs31)∗Γrs32∣∣√W rs31W rs32 EβE2β(Γrs31 + Γrs32)2 + (∆m221)2×
×
{
∆m221
[
sin
(
ξ +
∆m221L
2Eβ
)
− sin ξ e−(Γrs31+Γrs32)L/2
]
+
+ Eβ(Γ
rs
31 + Γ
rs
32)
[
cos
(
ξ +
∆m221L
2Eβ
)
− cos ξ e−(Γrs31+Γrs32)L/2
]}
. (12)
Here we have defined the complex phase ξ ≡ arg
(
Usβ1(U
s
β2)
∗√(Γrs31)∗Γrs32). The first line comes from the contribution
given by ν3 → νi+φ, while the rest of the expression contains the interference between the two amplitude contributions
from ν3 → ν2 + φ and ν3 → ν1 + φ. The interference will only take place in the region of parameter space where
both decays are kinematically possible. For simplicity in our simulations we will assume that the CP-violating phase
ξ vanishes.
2. Matter regime
In the matter regime the visible decay contribution can be derived in the same way as the vacuum case, starting
from the following amplitude instead:
A˜νrα→νsβ (Eα, Eβ) =
∑
j=1,2
(U˜r)−13α U˜
s
βje
−iEβ(L−L′)e−iEαL
′
e−Γ˜
rs
3jL
′/2
√
Γ˜rs3j
√
W˜ rs3j , (13)
1 In the most general case, the decay will lead to a certain opening angle for the final decay products with respect to the direction of the
initial neutrino. As a consequence the final neutrino may not enter the detector. This will ultimately depend on the detector size, its
distance to the source and the initial neutrino energy. However, in the case of long-baseline neutrino experiments the detector acceptance
for the decay products is always extremely good [32].
8which is obtained from Eq. (11) just replacing the decay widths and eigenvalues by the corresponding ones in matter
(Ur → U˜r, ∆m2ij → ∆m˜2ij , Γ3 → Γ˜3). In this case the diagonalization is no longer done via a unitary matrix and,
therefore, (U˜r)−1 6= (U˜r)†. It should be noted that both U˜ and ∆m˜2ij will now ultimately depend on the neutrino
energy, as they depend on the matter potential.
The computation of the contribution to the differential probability be done following the same steps as in the vacuum
case (with some subtleties), see App. A for details. However, several differences among the vacuum and matter cases
should be noted at this point. First, the matrices which diagonalize the system for neutrinos and antineutrinos will
now be generally different, as they are affected by a different matter potential. This is especially relevant when
computing the visible contribution due to helicity-flipping decays. Another important different with respect to the
vacuum case is that, since the masses m3 and m2 will change in presence of a matter potential, the regions where
the decay is kinematically allowed will also depend on A. This will be relevant for the computation of the number of
events, and is discussed in more detail in Sec. III.
III. SIMULATION DETAILS AND EXPECTED EVENT RATES
Once the effect of neutrino decay is considered, the events observed in a given energy bin ∆Eβ,i will receive
contributions from neutrinos at higher energies which have decayed emitting a Majoron. Therefore, the final observable
event distribution should be computed after integration over all values of Eα above Eβ , turning into a pile-up of events
at low energies. Therefore, one of the key factors will be the low energy thresholds. Moreover, if decay modes with
opposite helicity are allowed, they could lead to an observed excess of anti-neutrino events at low energies in the
neutrino running mode, or viceversa. At a magnetized detector, the opposite helicity contributions to the total
event rates would be easily distinguished. However, at DUNE [34] the detector is not magnetized, so the event rates
will receive contributions from the decay products with equal and opposite helicity2.The resulting expression for the
differential number of events for DUNE, as a function of the neutrino energy in the final state Eβ , reads as
dNs
dEβ
= σsβ(Eβ)φ
s
α(Eβ)P˜
inv
νsα→νsβ (Eβ) + σ
s
β(Eβ)
∫ E˜max
Eβ
dEαφ
s
α(Eα)∆P˜
vis
νsα→νsβ (Eα, Eβ) +
+ σrβ(Eβ)
∫ E˜max
Eβ
dEαφ
s
α(Eα)∆P˜
vis
νsα→νrβ (Eα, Eβ) , (14)
and includes the impact of oscillations and decay. The upper limits of the integrals in the second and third terms are
computed from two body decay kinematics taking into account the masses of the initial and final neutrino eigenstates
and assuming a massless Majoron, E˜max = x˜2iEβ , where x˜i depends on the matter potential.
Note the different cross sections accompanying the second and third terms in Eq. (14), due to the different helicities
of the final decay products in each case. This will produce a much larger relative enhancement of the effect of the
decay in the antineutrino channel, leading to a more significant excess than in the neutrino channel. The observation
of such an effect would be extremely relevant as it would indicate that neutrinos are Majorana particles, since the
opposite-helicity decay mode is not observable in the Dirac case. Also, the contributions to the number of events from
visible decay are going to be weighted by the neutrino flux available at energies Eα > Eβ . Thus, the effect of visible
decay is expected to be larger for experiments with a wide-band beam extending to high energies as in the case of
DUNE, while it will be suppressed at narrow-band beam experiments as the high-energy tail of the flux is severely
suppressed by placing the detector off-axis.
The DUNE experiment [34] has been simulated using using the GLoBES [51, 52] package. The simulation details
follow the Conceptual Design Report (CDR), and we have used the DUNE simulation files publicly released by the
collaboration [53]. The assumed configuration uses a detector mass of 40 kton, a beam power of 1.07 MW with 80 GeV
protons and a total running time of 7 years (half in neutrino and anti-neutrino modes), amounting to a total exposure
of 300 MW× kton× yr. Unless otherwise stated, the assumed true values for the oscillation parameters are:
θ13 = 9
◦; θ12 = 33◦; θ23 = 45◦; δ = −90◦ ,
∆m221 = 7.5× 10−5eV2; ∆m231 = 2.45× 10−3eV2 ,
(15)
which are within the 1σ allowed regions from recent global fits to neutrino oscillation data, see e.g., Refs. [44, 45].
Since the simulations are computationally rather expensive, the analysis performed in the current work will only
2 Some charge identification may be feasible using statistical discriminators. However, for simplicity we ignore these in this work.
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FIG. 3: Expected total event rates in the νµ → νe (left) and ν¯µ → ν¯e (right) oscillation channels at DUNE, as a function of the
energy of the detected neutrino. Note the different scale in the two panels. The blue histograms indicate the expected signal
event rates, while the dashed and solid lines show the effect of invisible and visible decay, using g = g′ = 0.5 and a massless ν1.
For comparison, the orange histogram shows the expected background event rates. The oscillation parameters used are listed
in Eq. (15), and the exposure has been fixed to 300 MW× kton× yr.
use the results from the appearance or disappearance channels separately, as indicated. The combination between
appearance and disappearance channels is left for future studies. Normalization uncertainties have been implemented
as in Ref. [53], and minimization over the nuisance parameters has been performed. Conversely, no minimization
over current uncertainties for the oscillation parameters has been included. Finally, for simplicity we will assume
|g31| = |g32| ≡ g and |g′31| = |g′32| ≡ g′ for all the results shown in this work, unless otherwise stated.
The effect of the decay on the expected event rates can be seen in Fig. 3, for the neutrino (left panel) and antineutrino
(right panel) appearance channels. The event rates are shown for DUNE for its total nominal exposure, after detection
efficiencies and reconstruction effects are taken into account. In both panels, the event distributions are shown as a
function of the final neutrino energy, for different scenarios: no neutrino decay (filled blue histogram), invisible decay
(dashed green) and visible decay (solid red). For comparison, the expected background events are also shown by
the filled orange histograms. In this figure, the mass of the lightest neutrino (m1) has been set to zero and the two
Majoron couplings have been set to the same value g = g′ = 0.5. As expected, the effect from invisible decay would
be a depletion in the number of events, which is largest around the oscillation maximum. Conversely, the effect of
visible decay would be an excess of events at low energies, providing a very distinctive signature. The effect would be
more significant in the antineutrino channel since the larger neutrino cross section produces a relative enhancement
of the ν¯ → ν + φ contribution, as outlined above (see Eq. (14)).
The size of the visible decay contribution to the probability, P vismat, depends on the lightest mass eigenstatem1 as well
as on the specific decay channel (scalar or pseudo-scalar). In Fig. 4 we show the final impact of the decay on the event
distributions for different scenarios. In the upper-left (upper-right) panel we show the neutrino (anti-neutrino) event
rates as a function of energy assuming that the lightest neutrino is massless. We can notice that the decay through
the scalar coupling (pink curve) dominates over the pseudo-scalar one (green curves). In the lower-left (lower-right)
panels we show the same distributions assuming m1 = 0.1 eV instead. From the comparison between the upper and
lower panels it can be seen that the contribution from the decay is much larger for m1 6= 0. This can be traced back
to the behaviour of Γ3 × m3 with the mass of m1 as shown in Fig. 2. When the mass of the lightest neutrino is
increased above m1 ∼ 0.01 eV, the decay modes with same helicity dominate the decay and the decay widths (in the
lab frame) show a considerable increase with respect to the value for vanishing m1. This translates into a much larger
total width of the neutrino in the higher mass region than for low m1 and, thus, a larger effect of the visible decay on
the event rates.
Finally, as anticipated in Sec. II, the scalar coupling completely dominates the decay over the pseudo-scalar coupling
for m1  0. This can be seen from the comparison between the dashed lines (pseudo-scalar only) and shaded
histograms (no decay) in the lower panels in Fig. 4. This is a direct consequence of the dominance of scalar over
pseudo-scalar contribution to the decay widths in the limit xi → 1 (i.e., m1  0), see Figs. 1 and 2. Conversely, in the
limit m1 → 0 (i.e., x1 →∞ and x2 → 6), corresponding to the upper panels in Fig. 4, the relative contribution of the
pseudo-scalar coupling is much larger, especially in the antineutrino channel where is as significant as the contribution
coming from the scalar coupling in the Lagrangian. This is because of the larger neutrino cross section with respect
to the antineutrino cross section, with enhances the effect of the helicity-flipping decays, as outlined above.
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FIG. 4: Expected total event rates in the νµ → νe (left panels) and ν¯µ → ν¯e (right panels) oscillation channels at DUNE, as
a function of the energy of the detected neutrino. Note the different scale between left and right panels. The blue histograms
indicate the expected signal event rates for stable neutrinos, while the dashed and solid lines show the effect of invisible and
visible decay, using g = 0.5 (“Scalar only”), g′ = 0.5 (“Pseudo-scalar only”) and g = g′ = 0.5 (“Both couplings”). Upper panels
have been obtained assuming m1 = 0, while lower panels correspond to m1 = 0.1 eV. The oscillation parameters used are listed
in Eq. (15), and the exposure has been fixed to 300 MW× kton× yr.
IV. RESULTS
First let us describe the general impact that neutrino decay would have on the fit to neutrino oscillation data, if
interpreted in a three-family standard oscillation framework where the neutrinos are assumed to be stable. We show
in Fig. 5 the allowed confidence regions for a fit in the θ23 − δ plane using appearance data alone which has been
simulated under different assumptions: (i) no decay (colored regions); (ii) invisible decay (solid); (iii) and visible
decay (dashed). In all cases the data are simulated using the true input values for the oscillation parameters given
in Eq. (15). In cases (ii) and (iii) the decay rates have been computed using g = g′ = 0.2 and m1 = 0.05 eV. The
resulting confidence regions from the fit differ, however, because in all cases the simulated data have been fitted using
the standard assumption that all neutrino eigenstates are stable. As can be seen from the figure, the resulting fit is
quite similar in the case where there is only invisible decay: the simulated data prefers slightly smaller values of θ23,
which is due to the fact that the event distributions are somewhat reduced due to the effect of the decay if this is
invisible, as shown in Fig. 3. The result is very different, however, if the decay products are visible. On one side, the
excess of events favors larger values of θ23 in the fit. This comes from the pile-up of neutrino events at low energies,
which can be better fitted with a larger value of the mixing angles. However, the helicity-flipping decay will produce
an effect that is slightly different for neutrinos and anti-neutrinos, as explained in Sec. III. This creates a “fake”
CP-violation effect in the event rates which, if interpreted under the assumption of stable neutrino mass eigenstates,
can lead to a bias in the determination of the value of δ. For example, in the case of visible decay the best-fit is found
at δ = −120◦ and θ23 = 47◦ and the fit would disfavor the true input values at approximately 1σ confidence level.
Nevertheless, the minimum χ2 obtained at the best-fit point in this example is χ2min = 5.6 and, thus, the experiment
should be able to reject the “no decay” hypothesis scenario at some confidence level (for the set of couplings used in
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FIG. 5: Confidence regions in the θ23 − δ plane for a fit to DUNE simulated “true” data generated under different scenarios:
no decay (colored regions), and with invisible (solid) and visible (dashed) decay, for g = g′ = 0.2 and m1 = 0. In all cases,
the simulated data are fitted using the standard assumption that all neutrino eigenstates are stable. The black dot indicates
the assumed input values for θ23 and δ used to generate the simulated “true” data, and is the same for the three cases. The
contours indicate the allowed regions at 1σ, 2σ and 3σ (2 d.o.f.).
this example).
The expected DUNE sensitivities to neutrino decay are shown in Fig. 6 for different cases. We have assumed that
g = g′ for simplicity, and present our sensitivity contours in the plane g−m1 at the 90% confidence level (for 1 d.o.f.).
In the left panel of Fig. 6 we show different sensitivity limits expected for the DUNE setup, using: disappearance
data, for invisible decay (long-dashed yellow); appearance data for invisible decay (short-dashed blue); and appearance
data, for visible decay (solid green). As can be seen from the figure, in all cases there is a change in sensitivity when
the mass of the lightest neutrino is increased above m1 ∼ 0.01 eV, which can be traced back to the behaviour of the
decay widths as a function of m1, see Fig. 2. In the right panel of Fig. 6 we show the expected sensitivity in case only
scalar (or pseudo-scalar) couplings are allowed, as indicated by the legend. As can be seen, for lower values of m1
the sensitivity comes from the effect of both the scalar and pseudo-scalar couplings in the Lagrangian, while for large
values of m1 the sensitivity to the pseudo-scalar coupling is negligible, and the experiment is sensitive to the scalar
coupling only. This can be traced back to the behaviour of the decay widths (see Fig. 1 and Eq. (2)), as explained in
more detail in Sec. II.
Finally, Fig. 7 shows how the DUNE expected sensitivity compares to current bounds in the literature, as well
as to the expected sensitivity of the JUNO experiment. All bounds shown have been computed assuming invisible
decay and therefore they constrain the combination τ3/m3, as discussed in Sec. II. To translate the bounds set on this
combination into a bound in the g −m1 plane we use the expression of Γ3 as a function of the parameters g, g′ and
m1, following Eq. (2), which can be related to the value of τ3/m3 since τ3/m3 = E/Γ3. All contours shown in Fig. 7
have been obtained assuming g′ = g. The shaded areas have already been ruled out at 90% C.L. by a the combination
of MINOS CC and NC data and T2K CC data [20], or by a combination of long-baseline and atmospheric neutrino
data [19]. The future JUNO experiment will be sensitive in the region of the parameter space above the dashed blue
line at 90% C.L.. As is seen from this figure, DUNE will improve considerably with respect to the results from MINOS
and T2K analysis, and will place a competitive constraint with the best direct limit currently available on the lifetime
of ν3 [19]. It should be noted, however, that these results have been obtained from a fit to simulated appearance data
alone. Further improvement can be expected from the combination of appearance and disappearance data, as well
as from the addition of atmospheric data. The combination of the different data samples and their impact on the
sensitivity will be studied elsewhere.
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FIG. 6: DUNE sensitivities to neutrino decay using charged-current data in the appearance channels. Left panel: sensitivities
coming from appearance (app) and disappearance (dis) data separately, as indicated in the legend, for invisible (inv) or visible
(vis) decay. Right panel: sensitivities assuming that only scalar (g) or only pseudo-scalar (g′) couplings are allowed at a time,
as indicated in the legend. Only information coming from the appearance channels is used in this panel. The solid green line
assumes that scalar and pseudo-scalar couplings take the same value (g = g′), as in Fig. 7. All limits are shown at 90% CL for
1 d.o.f..
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FIG. 7: Comparison of the DUNE sensitivity to current and future limits on the lifetime of ν3. The dark shaded region is
disfavored at the 90% CL by MINOS CC+NC data and T2K data, τ3/m3 > 2.8× 10−12 s/eV [20]. The light shaded region is
disfavored at 90% CL from a fit to atmospheric and long-baseline data, τ3/m3 > 2.9× 10−11 s/eV [19]. Finally, for comparison
we also show the expected sensitivity for the future JUNO experiment, τ3/m3 > 7.5 × 10−11 s/eV (95% C.L.), taken from
Ref. [31]. These three analyses were performed for invisible decay. The DUNE expected sensitivity (the green curve) to visible
decay is computed assuming that both scalar and pseudo-scalar couplings take the same value (g = g′), and using appearance
data only. The sensitivity is shown at 90% C.L. (1 d.o.f.).
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Analysis Decaying particle Decay mode Limit
Solar data [15] ν2 Invisible τ2/m2 > 7.2× 10−4 s/eV (99% C.L.)
Solar data [14] ν2 Invisible τ2/m2 > 7.1× 10−4 s/eV (2σ C.L.)
Atmospheric and long-baseline data [19] ν3 Invisible τ3/m3 > 2.9× 10−10 s/eV (90% C.L)
MINOS and T2K data [20] ν3 Invisible τ3/m3 > 2.8× 10−12 s/eV (90% C.L.)
MINOS and T2K data [54] ν3 Visible τ3/m3 > 1.5× 10−11 s/eV (90% C.L.)
JUNO expected sensitivity [31] ν3 Invisible τ3/m3 > 7.5× 10−11 s/eV (95% C.L.)
DUNE expected sensitivity (this work) ν3 Visible τ3/m3 > 1.95− 2.6× 10−10s/eV (90% C.L.)
TABLE I: Current and prospective constrains on neutrino lifetime from neutrino oscillation experiments.
V. SUMMARY AND CONCLUSIONS
From neutrino oscillation data we know that at least two of the neutrino mass eigenstates must have nonzero masses
and, therefore, can decay. Although in the Standard Model extended with neutrino masses the neutrino lifetime is
longer than the age of the Universe, this may not be the case once the Standard Model is extended. In particular,
since we do not know the mechanism that is responsible of neutrino masses, an interesting possibility is that it may
also affect the neutrino lifetime. The observation of solar and supernova neutrinos places strong constraints on the
lifetimes of the mass eigenstates ν2 and ν1. However, testing the lifetime of ν3 (τ3) is a much harder task. Currently,
the strongest bounds the ratio τ3/m3 come from a global fit to atmospheric and long-baseline data. In Ref. [31], the
possibility of placing a constraint on the lifetime of ν3 was explored, using the future JUNO experiment as a proposed
setup. In Ref. [54] a constraint on visible neutrino decay was placed using current MINOS and T2K data.
In most of the works mentioned above it was assumed that the neutrino decays invisibly, that is, the decay products
are not observable in the detector. This would be the case, for instance, if the active neutrinos decay to lighter
sterile states, or if the decay products involve active neutrinos but their energy is too low to be observable. In this
work we have considered instead the possibility that the heaviest active neutrino is unstable and decays visibly. For
concreteness, we have considered a model where the neutrino decays take place through a coupling with a massless
scalar, usually referred to as Majoron. We have considered the most general Lagrangian, in which both scalar and
pseudo-scalar couplings to the Majoron are allowed. In this case, if neutrinos are Majorana particles, same-helicity
(νi → νj + φ) and opposite-helicity (νi → ν¯j + φ or ν¯i → νj + φ) decays would be allowed. Conversely, in the Dirac
case only the decay with same helicity would be visible. This leads to an interesting phenomenology in oscillation
experiments, as discussed in Sec. II.
The formalism for visible neutrino decay in neutrino oscillations was developed in vacuum in Ref. [32], assuming that
there is no significant shift in the neutrino energy spectrum for the final neutrinos. In this work, we have considered
the impact of neutrino decay on the spectrum. The observable effect on the event rates due to visible neutrino decay
is a pile-up of events at low energies, as in Ref. [33], coming from neutrinos which were initially produced at high
energies and decayed before arriving to the detector. Therefore, two experimental features are key to maximize the
effect: low energy detection thresholds, and a wide-band beam extending to high neutrino energies. The DUNE
experiment has both features and, therefore, a priori it can be sensitive to this type of signatures.
Since the far detector would not be magnetized at DUNE, the number of events will contain both contributions
from helicity-conserving and helicity-flipping decays (if allowed). The decay widths with opposite helicity are only
sizable for m1  0.01 eV, while in the limit of quasi-degenerate neutrinos this mode is suppressed. Therefore, for
opposite-helicity decays the excess could be more significant in the antineutrino channel due to the enhancement of
the effect via the larger neutrino cross section, as shown in Eq. (14). This offers an interesting signature which could
potentially allow to distinguish its Majorana/Dirac character, if neutrino decays were observed.
We have computed the event rates considering the effect of visible decay plus oscillations for the νµ → νe and
ν¯µ → ν¯e oscillation channels, and fitted the results using the standard three-family scenario with stable neutrinos. For
concreteness, we assumed normal ordering (m1 < m2 < m3) and the same size for the moduli of the scalar and pseudo-
scalar couplings g31, g32, g′31, g′32. We find that DUNE will be sensitive to visible neutrino decay for neutrino-Majoron
couplings above g > 0.14 for a very hierarchical neutrino spectrum, and g > 0.09 for quasi-degenerate neutrinos. Our
bounds on the couplings imply a constraint on the lifetime of τ3/m3 > 1.95× 10−10 s/eV ( τ3/m3 > 2.6× 10−10 s/eV)
for very hierarchical (quasi-degenerate) neutrinos. Table I shows how our results compare to previous bounds in
the literature as well as to prospects for the JUNO experiment. We find that DUNE will improve an order of
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magnitude over the constraints obtained from an analysis of charged-current T2K data and charged-current and
neutral-current data from the MINOS experiment from Ref. [20]. The DUNE sensitivities are comparable to the
best direct constraints on the lifetime of ν3 from oscillation experiments (taken from Ref. [19]), as well as to the
expected sensitivity of the JUNO experiment computed in Ref. [31]. However, it should be noted that our analysis
only considered charged-current data in the appearance channels. Further improvement can be expected from the
combination with neutral-current data as well as from the combination with data in the disappearance channels
νµ → νµ and ν¯µ → ν¯µ. DUNE will also collect a large data sample of atmospheric neutrino events, which would
increase the sensitivity even further.
It should be noted that the neutrino-Majoron couplings that induce neutrino decay observable at DUNE can also
be tested in meson decays [55] and in cosmology [56–65]. Meson decays are sensitive to the Majoron couplings in
the flavor basis (where cancellations can occur), while neutrino decay is in principle sensitive to the couplings in the
mass basis. In cosmology, a massless scalar with O(0.1) couplings to neutrinos would have an impact on the number
of relativistic degrees of freedom and on the neutrino free-streaming length, leading to much stronger bounds. In
the present work we have not attempted to build a model capable of evading the constraints from cosmological data.
Instead, we have explored the possibility of performing direct tests of neutrino-Majoron couplings using oscillation
experiments, which can be complementary to other searches.
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Appendix A: Computation of the oscillation probabilities in presence of neutrino decay
Impact of neutrino decay on the observable neutrino spectrum
For the decay νr3 → νsj + φ, the energy of the neutrino in the final state Eβ can be computed as a function of the
energy of the parent neutrino Eα. Energy conservation will render the neutrino in the final state with an energy below
that of the initial neutrino, as some of its energy will be carried away by the Majoron3. The distributionW rs3j (Eα, Eβ)
will be different depending on the decay mode:
W rs3j (Eα, Eβ) ≡
1
Γrs3j
dΓrs3j(Eα, Eβ)
dEβ
=

(
1
Eα
)
g2(R+ 2) + (g′)2(R− 2)
g2f(xi) + (g′)2h(xi)
r = s,
(
1
Eα
) 1
xi
+ xi −R
k(xi)
r 6= s
(A1)
where
R ≡ 1
xi
Eα
Eβ
+ xi
Eβ
Eα
with xi ≡ m3/mi > 1, and the functions f(x), h(x), k(x) are defined in Eq. (3).
In the matter regime, all relevant quantities have to be replaced by their corresponding ones computed after
diagonalizing the system in presence of a matter potential. As a final remark it should be noted that, since the
3 For simplicity, we assume that the scalar boson is massless. A massive scalar will slightly modify the decay kinematics.
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diagonalization renders the neutrino massesm2 andm3 dependent on the matter potential, their values will eventually
depend on the neutrino energy. Thus, in practice, m3 ≡ m3(Eα) and m2 ≡ m2(Eβ) in the expressions above.
Visible decay contribution to the appearance probabilities
Here we follow mainly Refs. [32, 33], and re-derive the oscillation probabilities considering explicitly that: (a) the
energies of the parent and daughter particles do not have to coincide, and (b) there could be a sizable interference
between the amplitudes for 3→ 1 and 3→ 2 decays. For relativistic neutrinos, one can approximate:
E(3) ' p+ m232Eα (A2)
E(1,2) ' p+ m
2
1,2
2Eβ
(A3)
where we have stressed out the fact that the energy of the initial and final neutrinos does not have to (and generally
will not) be the same, i.e., Eα 6= Eβ . Within the relativistic approximation, the visible contribution to the probability
reads:
P appαβ =
∫ L
0
| Aαβ |2 dL′ =
=
∑
j=1,2
| (Urα3)∗Usβj |2 Γrs3jW rs3j
∫ L
0
dL′e−Γ
rs
3jL +
+
√
W rs31W
rs
32 | Urα3 |2 2<e
{
Usβ1(U
s
β2)
∗
√
(Γrs31)
∗Γrs32 e
i
∆m221L
2Eβ
∫ L
0
dL′e
−i∆m
2
21L
′
2Eβ e−
(Γrs31+Γ
rs
32)L
′
2
}
, (A4)
where Γrs3j is the decay width (in the lab frame) for νr3 → νsj +φ, which depends on Eα. The two integrals in Eq. (A4)
are straightforward to evaluate: ∫ L
0
dL′e−(ia+b)L
′
=
1
ia+ b
(
1− e−(ia+b)L
)
(A5)
where a = 0 and b = Γrs3j for the first integral, while a =
∆m221
2Eβ
and b = (Γ
rs
31+Γ
rs
32)
2 for the interference term.
After some algebra, the last part of the interference term reads:
2<e
{
Usβ1(U
s
β2)
∗
√
(Γrs31)
∗Γrs32 e
i
∆m221L
2Eβ
∫ L
0
dL′e
−i∆m
2
21L
′
2Eβ e−
(Γrs31+Γ
rs
32)L
′
2
}
=
= 4
∣∣Urα3∣∣2∣∣Usβ1(Usβ2)∗√(Γrs31)∗Γrs32∣∣√W rs31W rs32 EβE2β(Γrs31 + Γrs32)2 + (∆m221)2×
×
{
∆m221
[
sin
(
ξ +
∆m221L
2Eβ
)
− sin ξ e−(Γrs31+Γrs32)L/2
]
+
+Eβ(Γ
rs
31 + Γ
rs
32)
[
cos
(
ξ +
∆m221L
2Eβ
)
− cos ξ e−(Γrs31+Γrs32)L/2
]}
. (A6)
where we have defined ξ = arg(Usβ1(U
s
β2)
∗√(Γrs31)∗Γrs32). Substituting Eqs. (A5) and (A6) into Eq. (A4), we finally get
the expression in Eq. (12).
In presence of matter effects, the expressions are obtained in the same way just replacing the decay widths and
eigenvalues by the corresponding ones in matter (Ur → U˜r, ∆m2ij → ∆m˜2ij , Γ3 → Γ˜3). In this case the diagonalization
is no longer done via a unitary matrix and, therefore, (U˜r)−1 6= (U˜r)†. A final note is needed regarding the extraction
of the eigenvalues in presence of neutrino decay in the matter regime. As we have argued, the diagonalization of
the Hamiltonian leads to a matrix that is not unitary. It will also lead to eigenvalues which deviate from the ones
obtained in matter with no decay (see e.g., Fig. 1 in Ref. [66]).
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